To study the role of the biochemical and physiological activities of simian virus 40 (SV40) large T antigen in the lytic and transformation processes, we have analyzed DNA replication-defective, transformation-competent T-antigen mutants. Here we describe two such mutants, C8/SV40 and T22/SV40, and also summarize the properties of all of the mutants in this collection. C8/SV40 and T22/SV40 were isolated from C8 and T22 cells (simian cell lines transformed with UV-irradiated SV40). Early regions encoding the defective T antigens were cloned into a plasmid vector to generate pC8 and pT22. The mutations responsible for the defects in viral DNA replication were localized by marker rescue, and subsequent DNA sequencing revealed missense and one nonsense mutation. The T22 mutation predicts a change of histidine to glutamine at residue 203. C8 has two mutations, one predicts lysine224 to glutamamic acid and the other changes the codon for glutamic acid660 to a stop codon; therefore, C8 T antigen lacks the 49 carboxy-terminal amino acids. pC8A and pC8B were constructed to contain the C8 mutations separately. Plasmids pT22, pC8, pC8A, and pC8B were able to transform primary rodent cell cultures. T22 T antigen is defective in binding to the SV40 origin. C8B (49-amino-acid truncation) is a host-range mutant defective in a late function in CV-1 but not BSC cells. Analysis of T antigens in mutant SV40-transformed mouse cells suggests that the replicative function of T antigen is important in generating SV40 DNA rearrangements that allow the expression of "100K" variant T antigens in the transformants.
To study the role of the biochemical and physiological activities of simian virus 40 (SV40) large T antigen in the lytic and transformation processes, we have analyzed DNA replication-defective, transformation-competent T-antigen mutants. Here we describe two such mutants, C8/SV40 and T22/SV40, and also summarize the properties of all of the mutants in this collection. C8/SV40 and T22/SV40 were isolated from C8 and T22 cells (simian cell lines transformed with UV-irradiated SV40). Early regions encoding the defective T antigens were cloned into a plasmid vector to generate pC8 and pT22. The mutations responsible for the defects in viral DNA replication were localized by marker rescue, and subsequent DNA sequencing revealed missense and one nonsense mutation. The T22 mutation predicts a change of histidine to glutamine at residue 203. C8 has two mutations, one predicts lysine224 to glutamamic acid and the other changes the codon for glutamic acid660 to a stop codon; therefore, C8 T antigen lacks the 49 carboxy-terminal amino acids. pC8A and pC8B were constructed to contain the C8 mutations separately. Plasmids pT22, pC8, pC8A, and pC8B were able to transform primary rodent cell cultures. T22 T antigen is defective in binding to the SV40 origin. C8B (49-amino-acid truncation) is a host-range mutant defective in a late function in CV-1 but not BSC cells. Analysis of T antigens in mutant SV40-transformed mouse cells suggests that the replicative function of T antigen is important in generating SV40 DNA rearrangements that allow the expression of "100K" variant T antigens in the transformants.
Large T antigen, a product of the simian virus 40 (SV40) A gene, is necessary in both the lytic cycle of the virus and in the neoplastic transformation of cells by SV40 (for review, see reference 50) . During the lytic cycle in permissive cells, the multifunctional T antigen is required for several processes, including the initiation of viral DNA synthesis and the regulation of both early and late viral gene expression. In the nonlytic pathway, such as the infection of nonpermissive cells, large T antigen is implicated in both the initiation and maintenance of the transformed phenotype. The 82,000-molecular-weight (82K) T-antigen phosphoprotein binds specifically to the SV40 origin of replication (40, 48) , has an ATPase activity (8, 15) , and forms a complex with a host cell phosphoprotein (p53) in both permissive and nonpermissive cells (21, 28) . T antigen has numerous effects on host cell physiology (for review, see reference 50), including the stimulation of cell DNA and RNA synthesis. It also exhibits a helper function, which allows adenovirus to grow more efficiently in monkey cells.
Studies of deletion and point mutants suggest that T antigen contains distinct domains that are capable of functioning somewhat independently. For example, the adenovirus helper function of T antigen resides in the carboxy-terminal 38 amino acids (12, 38) . Several T-antigen activities, such as origin binding, viral DNA replication, ATPase activity, stimulation of cell DNA synthesis, stimulation of rDNA transcription, transformation, and nuclear localization have been mapped to specific regions of the A gene (9, 24, 29, 37, 46) . Single-amino acid alterations between residues 147 and 214 were found to affect the origin-binding activity of T antigen (17, 39, 47) . Stimulation of cell DNA synthesis and stimulation of rDNA transcription are distin-guishable activities; several deletion mutants stimulate DNA synthesis without activating rRNA genes (13, 46) . The rDNA transcription activation requires a T antigen containing only amino acid residues 1 through 509, whereas cell DNA synthesis can be stimulated by a truncated T antigen comprised of only the amino-terminal 272 amino acids (46) . Origin-binding activity is distinct from both of these functions; deletion mutants that are defective in origin binding but retain the ability to stimulate cell DNA synthesis have been described, as well as some that retain origin-binding activity but do not stimulate rDNA transcription (9) .
The lytic and transforming functions of T antigen are genetically separable; studies of permissive cells transformed by UV-irradiated SV40 provided an example of viral DNA replication-defective, transformation-competent T antigens (18) . Genetic and biochemical analyses of these and similar mutants (17, 30, 47) revealed that the replicative function of T antigen is not essential in the transformation process. Furthermore, neither the origin-binding activity (39, 47) nor wild-type levels of ATPase activity (30) are necessary for transforming activity.
Here, we describe the analysis of two viral DNA replication-defective, transformation-competent T-antigen point mutants, C8/SV40 and T22/SV40, and summarize the information we have obtained from our studies of a collection of mutants with similar properties (17, 30) .
This work also addresses the role of the replicative function of T antigen in the duplication and rearrangement of SV40 DNA in transformed cells. Although mouse cells are considered completely nonpermissive for SV40 replication, cell lines transformed by replication-defective SV40 have somewhat different properties than wild-type transformants. Many SV40-transformed mouse cell lines contain duplications and rearrangements of the integrated viral DNA (2, 22, 23, 41) , often accompanied by the expression of super T or truncated T antigens, in addition to normal T antigen (5, 26, 31, 32) . Numerous SV40-transformed mouse 3T3 cell lines express both normal size and larger, "100K" T antigens (7, 45) . The viral origin of replication (6) (44) were cultured in Dulbecco modified Eagle medium plus 5% fetal calf serum. C8 cells are a CV-1 cell line transformed with UV-irradiated SV40, and are a member of the C series which includes C2, Cll, and C6 cells (18) .
Bacterial strains and plasmids. Plasmids were propagated in Escherichia coli DH-1 (19) . Plasmids pK1, pC6-1, and pCllB have been described previously (17, 30) . Information regarding the plasmids containing wild-type SV40 early region fragments is available from the authors upon request.
Cloning SV40 sequences from C8 and T22 cells. The isolation and cloning of viral early regions from T22 and C8 cells was done as previously described for C2 and Cll cells (30) .
Marker rescue. Marker rescue experiments were done with pT22, pC8, pC8A, and pC8B by methods described previously (30) . Wild-type SV40 fragments were generated by digestion of recombinant plasmids. MboI D and C fragments contain nucleotides 4710 through 4100 and 3716 through 2771, respectively. The AluI C fragment spans nucleotides 4643 through 4314. Nucleotide numbers are in the SV system (50) .
Separation of C8 mutations. pC8 was digested with PstI, and the two resultant fragments were purified by agarose gel electrophoresis. The larger (A) fragment was ligated with the wild-type PstI B fragment (from plasmid pSVPstB) to produce pC8A. The smaller (B) fragment of pC8 was cloned into the PstI site of pKl-P (30) to make pC8B.
DNA sequencing. The MboI D fragment (nucleotides 4710 through 4100) was isolated from pC8 and pT22, and the MboI C fragment (nucleotides 3716 through 2771) was isolated from pC8 by digestion with Sau3a and purification by acrylamide gel electrophoresis. The fragments were cloned into the BamHI site of mp8 (34) , and the recombinant phage DNAs were used in chain termination sequencing reactions (42, 43) .
DNA replication analyses. Viral DNA replication in CV-1 cells was analyzed as described previously (30) .
Origin binding. Nuclear extracts were prepared from transformed cells as previously described (30) . SV40 DNA used in the assays was nick translated with 32P-labeled deoxynucleotide triphosphates and then digested with BstNI. Binding assays were performed by methods described previously (33) . T antigen-DNA complexes were immunoprecipitated with monoclonal antibody PAb416 (10, 20) and protein A-Sepharose (Pharmacia Fine Chemicals, Inc.). The amount of T antigen present per volume of cell extract was determined by double-antibody radioimmunoassay (1) with monoclonal antibodies PAb416 and PAb419 (10, 20 (43) . One nucleotide substitution was found in pT22, predicting a change of histidine to glutamine at residue 204 (Table 1) . pC8 also has a mutation in this area, predicting a change at amino acid 224 of lysine to glutamic acid. The second lesion in pC8 is a nonsense mutation that changes codon 660 (glutamic acid) to an ochre (UAA) termination codon (Table 1) . This predicts that C8 T antigen lacks the carboxy-terminal 49 amino acids found in wild-type T antigen. pC8 differs from the published SV40 sequence (50) at additional nucleotides between 2771 and 2848 in the MboI C fragment, nucleotides 2817 (cytosine to thymine) and 2781 (thymine to cytosine, early strand), and there is a tandem duplication of nucleotides 2795 to 2787, predicting an additional three amino acids. This tandem duplication was previously observed in the LP strain of SV40 (11) . These additional differences are downstream from the pC8 nonsense mutation and, thus, do not influence the C8 T antigen structure. In the MboI D fragment, both pC8 and pT22 have an adenine rather than guanine at nucleotide 4110 (early strand). These differences are probably specific to SV40 strain 777, which was used to generating the C series transformed cell lines. The 2817 change has been noted in other SV40 strains (W. Gish and M. Botchan, personal communication). The 2817, 2781, and 4110 changes are all silent, third-base substitutions. Comparison of strains 777 and 776 by restriction mapping revealed several differences (25) , some of which reflect the nine-nucleotide duplication.
Separation of the C8 mutations. To study their effects independently, the two C8 lesions were separated from each other into distinct viral genomes in pC8A and pC8B. pC8A contains the C8 mutant early region from the BglI site to the PstI site (nucleotides 5243 through 3204), and the remaining early region is wild type. Therefore, pC8A encodes a T antigen of normal size, with the lysine-to-glutamic acid alteration at residue 224. pC8B contains the C8 mutant early region from the PstI-BamHI site (nucleotides 3204 through 2533), with the remaining wild-type viral sequences. pC8B encodes a T antigen that lacks the carboxy-terminal 49 amino acids.
The construction of pC8A and pC8B was confirmed by marker rescue (Manos, Ph.D. thesis). Neither plasmid produced plaques without the addition of wild-type early fragments. pC8A was rescued by the MboI D fragment, and pC8B was rescued by the MboI C fragment, as expected.
Replication of C8A and C8B mutants. To determine the independent effects of the two C8 mutations on viral DNA replication, we analyzed the replication of viral DNA from the plasmids in CV-1 cells. CV-1 cells were transfected with pKl (a plasmid containing the wild-type SV40 genome), pC8, pC8A, pC8B, or pCllB (a pinpoint plaque mutant [30] ), and replication products were isolated 72 h later and analyzed as previously described (30) . pC8 and pC8A did not replicate, but pC8B replicated to a level similar to the pinpoint plaque mutaht pCllB (Fig. 1) . Therefore, C8B T antigen, which lacks the carboxy-terminal 49 amino acids, is able to replicate viral DNA to a ievel that is potentially sufficient for plaque formation (that is, a level comparable to pC11B). Since plaques were not observed on CV-1 cells transfected with pC8B, we conclude that C8B T antigen is defective in a function which is essential in the lytic pathway after the onset of DNA replication.
Growth of mutant C8B in CV-1 versus BSC cells. Several T-antigen mutants that are defective in a late function in CV-1 cells do not exhibit this defect in BSC cells (another African green monkey kidney cell line), and are able to form plaques on them (51; C. Cole, personal communication; J. Pipas, manuscript in preparation). Therefore, we tested the ability of pC8B to form plaques on BSC cells. Low-passage CV-1 or BSC-1 cells were transfected with viral DNA from pKl (containing wild-type SV40 DNA), pC8B, or pCllB as previously described (30) . pC8B was able to form plaques, although less efficiently than pKl, on BSC cells (Table 2) . pC8B and pCllB (30) behaved similarly in BSC cells; both formed pinpoint plaques that appeared later than wild-type pKl plaques. In contrast, in CV-1 cells the titer of pC8B is 0.1% or less than that of pCllB, and 0.017% or less than that of pKl. These results suggest that the C8B chain termination (12, 38) . Analysis of T22 and C8 T antigens. SDS-polyacrylamide gel analysis of the various T antigens in T22, C8, MC8, MC8A, and MC8B cells is shown in Fig. 2. MC8, MC8A , and MC8B lines were isolated after the transformation of primary mouse embryo fibroblasts (MEF) with pC8, pC8A, and pC8B, respectively. T22 and MC8A T antigens migr4te
with the wild-type T antigen of COS-1 cells, whereas C8, MC8, and MC8B have a smaller T antigen as predicted by DNA sequencing (molecular weight: calculated, 76,000; apparent, 80,000). The p53 host tumor antigen is present in all lanes, indicating that the C8 and T22 T antigens are not defective in their association with this cellular protein in either mouse or simian cells.
Binding of T22 and C8 T antigens to the SV40 origin. The abilities of the variant T antigens to bind specifically to the SV40 origin of replication were analyzed (Fig. 3) Ly the immunoprecipitation method (33) . T antigens from all cells except T22 were able to bind preferentially to the origin fragment (Fig. 3, G fragment, arrow) . The relative amounts of T antigen present per volume of nuclear extract were determined by radioimmunoassay with the same mponoclonal antibody used in the origin-binding experiments. The T22 and C8 extracts had amounts comparable with that of COS-I cells, and MC8A and MC8B were comparable with MK1 values (Manos, Ph.D. thesis). These data indicate that T22 T antigen is defective in origin-specific binding, and that C8, : and MC11A-1 (Fig. 4) (Fig. 4) DNA sequence analyses of pT22 and pC8 re sense and nonsense mutations. pT22 has a nuc stitution predicting the replacement of histidine E at residue 203. pC8 has two mutations: one I lysine-to-glutamic acid change at amino acid 224 replacing glutamic acid codon 660 with the codon. Therefore, C8 T antigen lacks the 49 car nal amino acids and has a predicted molecula 76,000. The two pC8 mutations were separate( other into two distinct viral genomes in pC8A 224 substitution) and pC8B (termination at code Mutant plasmids pC8, pC8A, pC8B, and pT22 tent in the oncogenic transformation of cells in cl was comparable with the wild-type plasmid p1 [35S]methionine-labeled extracts from tra mary mouse embryo fibroblasts. Independent isolates transformed by pKl (containing wild-type SV40 D through 9) or by pC8, pC8B, pC8A, pC2, or pCllA through 5) were analyzed. Extracts of the labele immunoprecipitated with monoclonal antibodies spec gen, and were separated on an SDS-10% polyacryla positions of p53, normal-sized T antigen, and the "1i antigen are noted. reported to bind efficiently to the origin of replication (35) .
Ling the viral
We have shown that C8, C8A, and C8B T antigens are he predicted similar to wild-type T antigen in origin-binding activity.
,cue experiTherefore, the replicative functions that are defective in C8 are distinct from origin binding (Fig. 3) . In contrast, the vealed misreplication deficiency of T22 T antigen may be explained by leotide suba defect in origin-binding activity. The altered amino acid in )y glutamine T22 (residue 203) is within the presumptive origin-binding predicting a region discussed above, and T22 T antigen has no originand another binding activity in the assays described here. ochre stop The defective replicative functions of the mutant T anti- function in their respective restrictive hc case of polyomavirus hr-t mutants, the tion is thought to be involved in polyol (14) . It is interesting that although polyon antigens are quite homologous, the SV4( phenotype results from changes in SV4 region void of homology with polyoma 1, is, the carboxy-terminal region). Possib minal domain of SV40 large T antigen that is analogous to the late lytic hr-t polyoma small or middle tumor antigen. SV40 strain 777 was used in the genera and T22 cell lines, whereas the publish that of strain 776. DNA sequence analy region coding for T antigen in strain 7, work) have revealed numerous nucleol tween the two strains, some of which pt T-antigen amino acids. The nine-nucl which was found in the LP strain (11) , w, (see above), pC2, and pT22 (unpublishe( fore a strain 777-specific property. This i that the T antigen synthesized by strain additional amino acids (Pro-Ser-Gln) be (glutamine) and 676 (serine) ( (50) is and function. ses of the complete Figure 5 diagrams the region coding for T-antigen and 77 (17, 30; and this shows the location of missense and nonsense mutations that tide differences beconfer the replication-defective, transformation-competent redict differences in phenotype. None of these mutations map within the middle leotide duplication, of the gene, where most of the tsA mutations map (HindlIl D as also found in pC8 fragment, nucleotides 4003 through 3372, [27] ). The portion d data) and is thereof T antigen encoded by this region may be important in duplication predicts maintaining a tertiary or quaternary structure that is essen-777 contains three tial for both replicative and transforming activities. It is also tween residues 675 possible that it harbors the active site of a transforming 6 numbering). This function. e in polyacrylamide Table 3 summarizes the properties of the T-antigen mugels in Fig. 3 and 4 (9, 37) . Other data however indicate that the amino terminus of T antigen is not essential for origin-binding and ATPase activities; D2 T antigen lacks residues encoded by the first exon, but retains these activities (36, 49) . These data suggest that this region may influence the tertiary or possibly quarternary structure of T antigen. Furthermore, point mutations in this region can render T antigen able to replicate DNA but defective in transforming cells (K. Peden and J. Pipas, personal communication). Changes in the carboxy-terminal third of T antigen can affect the level of DNA replication without affecting origin binding, as in C8B and C11B. C8B T antigen lacks a region that contains adenovirus helper function and it is deficient in a late function in CV-1 but not BSC cells. It is possible that some of the mutations described here influence the oligomerization of T-antigen molecules. For example, it has been suggested that oligomeric, but not monomeric, forms of T antigen possess ATPase activity (4) . Perhaps the CliA mutation, which predicts the change of a proline residue to a serine, affects the oligomerization process.
